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ABSTRACT
Many bent-core nematic liquid crystals exhibit unusual physical properties due to the presence
of smectic clusters, known as “cybotactic” clusters in the nematic phase. Effect of these clusters
on complex shear modulus (G∗(ω)) of such liquid crystals hitherto unexplored. Here, we study
flow viscosities and complex shear modulus of two asymmetric bent-core liquid crystals using
microrheology technique. The results are corroborated with the measurements of curvature elastic
constants. Compound with shorter hydrocarbon chain (8 OCH3) exhibit only nematic (N) phase
whereas the compound with longer chain (16 OCH3) exhibits both nematic (N) and smectic-A (SmA)
phases. Our results show that the directional shear modulus of 16 OCH3, just above the SmA to N
transition temperature is strikingly different than 8 OCH3, owing to these smectic clusters. Thus,
microrheology enables us to probe smectic clusters in bent-core nematic liquid crystals.
1 Introduction
The bent-core (BC) liquid crystals captivated the interest
of many scientists as they continue to exhibit new and in-
teresting physical properties compared to the conventional
calamitic liquid crystals made of rod-like molecules1,2.
For example, bent-core nematic liquid crystals exhibit
negative bend-splay elastic anisotropy 3–9 i.e. δK =
K33 − K11 < 0, giant flexoelectricity10–12, large rota-
tional viscosity4,13–15, and induced16, spontaneous biaxi-
ality17–23. Since the free rotation of the molecules around
the bow axis is hindered, the BC molecules have strong
tendency to form nano-sized smectic clusters, known as
cybotactic clusters3,24–29. The unusual properties, some of
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them reported above have been attributed to the effect of
these clusters. The size of the stable smectic clusters have
been measured experimentally using Cryo-transmission
electron microscopy (cryo-TEM)30. These smectic clus-
ters are expected to offer both bending modulus and layer
compressional modulus that would impact on the complex
shear modulus of the nematic phase. However, measure-
ments using conventional rheological techniques, involving
bulk sample would smear out their effect. Therefore, mi-
crorheological techniques, involving a very small amount
of sample (typically few microlitres) are important and
hitherto unexplored. In this paper, we measure flow viscosi-
ties and complex shear modulus and corroborate the results
with splay and bend elastic constants of two asymmetric
bent-core liquid crystals. Out study shows that microrheo-
logical measurements, using self-diffusing microparticles
is a sensitive technique to investigate the smectic clusters
in bent-core nematic liquid crystals.
2 Materials and Methods
2.1 Materials
Two homologous bent-core compounds, namely 8 OCH3
and 16 OCH3 with non-polar (−OCH3) moieties were syn-
thesized in our laboratory, where 8 and 16 represents the
length of hydrocarbon chain R (see figure 1). The details of
synthesis was reported previously by us31. The chemical
structure of the molecules and the phase transition tem-
peratures of the compounds are shown in figure 1. They
exhibit following phase transitions in cooling: 8 OCH3: I
150.1 ◦C N 66.7 ◦C Cr and 16 OCH3: I 126.7
◦C N 97.7
◦C SmA 73.4 ◦C Cr, respectively.
Figure 1: Chemical structure of the asymmetric bent-core
molecules and phase transition temperatures.
2.2 Experimental
The experimental cells for aligning the sample were pre-
pared with two patterned indium-tin-oxide (ITO) coated
glass plates. The ITO plates were spin coated with poly-
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Figure 2: [a] Schematic diagram of the experimental
setup for measuring birefringence, splay and bend elastic
constants. [b] Setup for microrheology studies. [c] Trajec-
tories and time evolution of MSDs of micro-particles at
99 ◦C and 110 ◦C of compound 16 OCH3. The diffusion
coefficients D‖, D⊥ at 110 ◦C and 99 ◦C (in 10-15 m2/s)
are 1.90, 1.46 and 0.32, 0.48 respectively.
imide, AL1254 and baked at 180 ◦C for 1 h. AL1254
coated glass plates were then rubbed with a rubbing ma-
chine and assembled in antiparallel way to ensure uniform
planar alignment. The glass plates were glued together
with UV-curable adhesive (NOA65 - Norland Products,
Inc) with silica beads as spacers. The thickness of the
cells (d) were measured with interferometric method using
Ocean Optics (USB4000) spectrometer and the typical cell
thickness used in the study was 8 µm.
The dielectric constant, as a function of voltage (0.02 −
20 V) at different temperatures in the nematic phase, was
measured at 4.111 kHz with Agilent 4980A LCR meter.
The perpendicular component of dielectric constant (⊥)
was obtained from the measurement below the Freeder-
icksz threshold voltage (Vth) and the parallel component
(‖) was obtained by extrapolating the voltage dependent
dielectric constant to V→∞, i.e., 1/V→ 0. Simultane-
ously, the voltage dependent optical retardation was mea-
sured with the help of a home built electrooptic setup, con-
sisting of a photo-elastic modulator (Hinds Instruments)
and a lock-in amplifier (SRS-830). The experimental dia-
gram of the setup is shown in figure 2[a]. From the Freed-
ericksz threshold voltage (Vth) of the retardation measure-
ment, the splay elastic constant (K11) was measured, using
the relation, K11 = 0∆(Vth/pi)2, where ∆ = ‖ − ⊥
is dielectric anisotropy. The bend elastic constant (K33)
was obtained by fitting the voltage dependent optical retar-
2
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dation, following the method described in Refs.32–34. The
accuracy in the measurement of elastic constant is within
6%.
The flow viscosities parallel (η‖) and perpendicular (η⊥) to
the director were measured by measuring self-diffusion of
a silica particle of diameter 3 µm35,36. Before dispersing
in LCs, the particles were treated with octadecyldimethyl
(3-trimethoxysilylpropyl) ammonium chloride (DMOAP),
which align the director normal to the surface37. Normal
anchoring induces a point defect and stabilises a dipo-
lar director field surrounding the particles as a result of
which the particles are levitated in the bulk due to elas-
tic repulsion from the surface38. This is advantageous as
the data collection is required for longer duration. The
dynamics of the Brownian motion of an isolated silica
particle in LCs was recorded through a 60X water immer-
sion objective using a CCD camera (iDs-UI) connected
to an Nikon inverted microscope with a frame rate of 20
fps39. The diagram of the experimental setup is shown
in the figure 2[b]. The trajectories of particles are ex-
tracted from recorded sequence of images using Python
routine, known as Trackpy40. The mean square displace-
ments (MSD) along parallel and perpendicular to the di-
rector were measured. The diffusion coefficients parallel
(D‖) and perpendicular (D⊥) to the director were mea-
sured from the respective MSDs as a function of the lag
time τ , using the equations < x(τ) − x(0)2 >= 2D‖τ
and < y(τ) − y(0)2 >= 2D⊥τ . The corresponding vis-
cosities are calculated, using the Stokes-Einstein equation,
η‖,⊥ = kBT/6piRD‖,⊥, where kB is the Boltzmann con-
stant, T is the absolute temperature and R is the radius of
the microparticle37.
The complex viscoelastic shear modulusG∗(ω) = G′(ω)+
iG′′(ω), whereG′ is storage modulus andG′′ is loss modu-
lus in frequency (ω) domain, was calculated using the Gen-
eralized Stokes-Einstein Equation (GSER)41. The GSER
in the Fourier domain can be expressed as:
G∗(ω) = G′(ω) + iG′′(ω) =
kBT
piRiωF{< ∆r2(t)} (1)
The parallel (G∗‖(ω)) and perpendicular components
(G∗⊥(ω)) of the complex shear modulus G
∗(ω) were
obtained from the MSD along parallel and perpendicu-
lar to the nematic director by the equations; G∗‖(ω) =
kBT
2piRiωF{<∆x2(t)} and G
∗
⊥(ω) =
kBT
2piRiωF{<∆y2(t)} , re-
spectively42.
3 Results and discussion
3.1 Splay and bend elastic constants
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Figure 3: [a] Temperature dependent splay (K11) and
bend (K33) elastic constants of 8 OCH3. (inset) Kii as a
function of order parameter S. [b] Temperature dependent
(K11) and (K33) of 16 OCH3.(inset) Kii as a function of
order parameter S. Continuous lines are theoretical fits to
equation 2.
We begin with the discussion of splay (K11) and bend
(K33) elastic constants of the compounds. Both the com-
pounds exhibit positive birefringence (∆n) and dielectric
anisotropy (∆) (see Supplementary Information). The
temperature dependence of K11 and K33 of both the com-
pounds is shown in figure 3[a] and 3[b]. The bend-splay
anisotropy (δK31 = K33−K11) of the compound 8 OCH3
is negative in the entire nematic range and it’s magnitude
continue to increase with decreasing temperature. Similar
negative anisotropy has been reported in many symmetric
and asymmetric bent-core nematic liquid crystals 8,9,14,43.
The negative anisotropy is attributed to the coupling of the
bent-shape of the molecules with the bend distortion3. For
3
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most liquid crystals made of rod-like molecules,Kii ∝ S2,
where S is the orientational order parameter. To see how
Kii of these compounds depend on the order parameter,
we plot Kii as a function of S and show in the inset of
figure 3[a]. The order parameter S was obtained from
the temperature dependent birefringence (Supplementary
Information). It is noticed that K33 shows antagonistic
dependence on the order parameter and simply can not
be fitted to the second-order on S. In particular, K33
of 16 OCH3 tends to decrease after a pronounced maxi-
mum. The dependence of Kii on S could be better ex-
plained using more detailed mean-field calculations given
by Berreman and Meiboom44. It introduces a third-order
dependence on S and given by:
Kii = K
(2)
i S
2 +K
(3)
i S
3 +K
(4)
i
S4
(1− S)2 (2)
where Kni , n = 2, 3, 4 are fitting parameters. The continu-
ous line in the insets of figure 3[a] is a theoretical fit to the
equation 2. Considering K(2)−(4)i ’s are temperature inde-
pendent, the fitting parameters (measured in pN) are found
to be K(2)1 = 14.3 ± 1.1, K(3)1 = 13.7 ± 1.2, K(4)1 =
0.7 ± 0.1, and K(2)3 = 6.4 ± 1.1, K(3)3 = 17.2 ± 1.2,
K
(4)
3 = −1.8± 0.1.
Temperature dependence ofK11 andK33 of the compound
16 OCH3 is shown in figure 3[b]. In this compound, the
bend-splay anisotropy, δK31 = K33−K11 is also negative,
except very close to the N-SmA phase transition tempera-
ture. In particular, as the N-SmA transition is approached,
δK31 tends to change sign from negative to positive. This
feature is explained by the strong pre-transitional diver-
gence of K33 as bend deformations are incompatible with
the equidistance of smectic layers. The dependence of Kii
on S is shown in the inset of figure 3[b]. The excellent fits
are obtained with the fit-parameters; K(2)1 = 46.5 ± 1.1,
K
(3)
1 = −67.5 ± 1.2, K(4)1 = 26.3 ± 0.1 and K(2)3 =
30.9± 1.1, K(3)3 = −48.1± 1.2, K(4)3 = 10.8± 0.1).
3.2 Flow viscosities
In what follows we measure the flow viscosities of these
compounds from the self-diffusion of microparticles fol-
lowing the technique discussed in the experimental section.
The measurements are restricted only in the nematic phase
as the particles tend to sediment quickly in the isotropic
phase. Some representative trajectories of a microparticle
and corresponding MSDs at two temperatures, namely 99
◦C and 110 ◦C for the compound 16 OCH3 are shown in
figure 2[c]. It is found that at 110 ◦C, D||/D⊥ ' 1.3
whereas at 99 ◦C, which is very close to the N-SmA tran-
sition temperature, D||/D⊥ ' 0.7. The temperature de-
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Figure 4: Temperature dependent flow viscosities coeffi-
cients parallel (η||) and perpendicular (η⊥) to the director
of 16 OCH3. (inset) Temperature dependent (η||) and per-
pendicular (η⊥) of 8 OCH3. TNI indicates isotropic to
nematic phase transition temperature.
pendent viscosities parallel and perpendicular to the di-
rector, namely η‖, η⊥ of the compound 8 OCH3, below
the isotropic to nematic transition temperature (TNI ) are
shown in the inset of figure 4. Both increase with de-
creasing temperature as expected. It is noticed that in the
entire nematic range η⊥ > η‖, thus viscosity anisotropy
(δη = η⊥ − η‖) is positive. For example, at the lowest
temperature (T = 70 ◦C), δη = η⊥ − η‖ ' 100 mPas.
The temperature dependent viscosities of compound
16 OCH3 in the nematic phase are shown in the figure 4.
Both η‖ and η⊥ increase with decreasing temperature as
expected. Interestingly, it is found that below T ≈ 104 ◦C,
δη changes sign from positive to negative. For example,
at T = 114 ◦C, δη ' 40 mPas whereas at T = 98 ◦C,
δη ' −110 mPas. This result can be explained as follows.
The compound 16 OCH3 has cybotactic clusters in the ne-
matic phase. These clusters are stable compared to the
unstable clusters in liquid crystals with rod-like molecules
as the free rotation of the former around the bow axis is
reduced sufficiently due to the steric hindrance. Moreover,
the size and volume fraction of these clusters near the N
to SmA transition are expected to grow. The resulting
smectic planes of the clusters are orient perpendicular to
the director in a planar cell. These clusters effectively
4
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reduces the self-diffusion of the microparticle along the
director (perpendicular to the smectic planes) compared to
the perpendicular direction (parallel to the smectic planes),
resulting negative viscosity anisotropy.
3.3 Complex shear modulus
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Figure 5: Frequency dependent storage (G
′
(ω)) and loss
modulus (G
′′
(ω)) of 8 OCH3. The subscripts || and ⊥
denote the components parallel and perpendicular to the
director at (a) 130 ◦C and (b) 90 ◦C. 1© and 2© repre-
sents the exponents of ω corresponding to loss and storage
moduli, respectively in Maxwell-fluid model.
The temperature dependent elastic constants and flow vis-
cosities demonstrated the presence of stable cybotactic
clusters in the nematic phase of compound 16 OCH3 that
contributes greatly to these properties, specially near the
N to SmA phase transition. As a next step, we investigate
the effect of these clusters on the complex shear modulus
G∗(ω). Figure 5 and 6 shows the frequency dependence
of storage (G
′
||(ω) and G
′
⊥(ω)) and loss modulus (G
′′
||(ω)
and G
′′
⊥(ω)) along parallel and perpendicular to the ne-
matic director at two different temperatures. Overall, both
parallel and perpendicular components exhibit fluid-like
behaviour: storage modulus lower than the correspond-
ing loss modulus below a critical frequency. In the low
frequency range one observes a behaviour typical of a
Maxwell-fluid: G
′′
||,⊥(ω) ∝ ω and G
′
||,⊥(ω) ∝ ω2 (see
figure 5[a] and figure 6[a]).
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Figure 6: Frequency dependent storage (G
′
(ω)) and loss
modulus (G
′′
(ω)) of 16 OCH3. The subscripts || and ⊥
denote the components parallel and perpendicular to the
director at (a) 120 ◦C and (b) 100 ◦C. 1© and 2© repre-
sents the exponents of ω corresponding to loss and storage
moduli, respectively in Maxwell-fluid model.
In the nematic phase the perpendicular components are
greater than the corresponding parallel components. i.e.,
G
′
⊥(ω) > G
′
||(ω) and G
′′
⊥(ω) > G
′′
||(ω) (see fig-
ure 5[a],[b]). Similar behaviour is also seen in compound
16 OCH3 at T = 120
◦C (figure 6[a]). However, at lower
temperature (T = 100 ◦C), just above the N-SmA tran-
sition temperature, the trend is quite opposite when the
relative magnitudes of the parallel and perpendicular com-
ponents are compared. In particular, G
′
||(ω) > G
′
⊥(ω)
5
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and also G
′′
||(ω) > G
′′
⊥(ω) (see figure 6[b]), which is
just opposite to the behaviour seen at higher temperature
(T = 120 ◦C). In addition, the magnitudes of the direc-
tional moduli at T = 100 ◦C are almost one order of
magnitude larger than that measured at T = 120 ◦C. To
bring out the contrasting behaviour we show the ratios
G
′
‖(ω)/G
′
⊥(ω) and G
′′
‖ (ω)/G
′′
⊥(ω) at a fixed ω in Table-1
and Table-2. In compound 8 OCH3, at two different tem-
peratures G
′
‖(ω)/G
′
⊥(ω) < 1 and G
′′
‖ (ω)/G
′′
⊥(ω) < 1
(Table-1). For compound 16 OCH3 at higher tempera-
ture (T = 120 ◦C), both the ratios are also less than 1
(Table-2). However, at lower temperature (T = 100 ◦C),
G
′
‖(ω)/G
′
⊥(ω) > 1 and G
′′
‖ (ω)/G
′′
⊥(ω) > 1, which is
opposite to the feature observed at T = 120 ◦C. Thus, par-
allel components of complex viscoelastic shear modulus
of 16 OCH3 exceeds the perpendicular components just
above the N-SmA phase transition temperature.
Temp [◦C] G′‖(ω)/G
′
⊥(ω) G
′′
‖(ω)/G
′′
⊥(ω)
130 0.5 0.6
090 0.3 0.6
Table 1: Ratios of real and imaginary components along
parallel and perpendicular to the director of compound
8 OCH3 at ω = 2 sec
−1.
Temp [◦C] G′‖(ω)/G
′
⊥(ω) G
′′
‖(ω)/G
′′
⊥(ω)
120 0.1 0.6
100 1.5 1.3
Table 2: Ratios of real and imaginary components along
parallel and perpendicular to the director of compound
16 OCH3 at ω = 2 sec
−1.
This distinct feature in the nematic phase can be explained
considering the contribution of stable cybotactic clusters.
In analogy with smectic droplets, the storage modulus of
the clusters can be written as G
′
= C
√
(KB/L) where
K is the bending modulus, B is the layer compressional
modulus, L is the cluster size and C is a constant45,46.
At higher temperature (near NI transition), naturally the
clusters are unstable, consequently the contribution due
to the layer compressional modulus B is negligible. As
the temperature is reduced towards the N-SmA transition,
the clusters become stable and their size and the volume
fraction increases47 as a result of which G
′
is enhanced.
Taking G
′
= 2 Pa (figure 6[b]), K = 5 pN (figure 3[b]),
C ≈ 0.246 and assuming a typical layer compressional
modulus B ≈ 106 Pa48, the calculated cluster size L ≈ 50
nm, which is very close to the size measured by Cryo-
transmission electron microscopy (cryo-TEM) in similar
bent-core liquid crystals30.
4 Conclusions
We studied elastic properties, flow viscosities and
directional shear modulus of two bent-core liquid crystals.
The bend-splay anisotropy (δK = K33 − K11) of
compound 8 OCH3 is negative at all temperatures, whereas
in 16 OCH3, δK tends to change sign just above the
N-SmA transition temperature. In compound 8 OCH3,
the flow viscosity anisotropy δη = (η⊥ − η||) > 0, at
all temperatures. In case of 16 OCH3 it changes sign
just above the N-SmA phase transition temperature. The
parallel components of complex shear modulus of com-
pound 16 OCH3 exceeds the perpendicular components,
just above the N-SmA phase transition temperature. This
feature is explained considering the contribution of layer
compressional modulus of stable smectic clusters in the
nematic phase. Our microrheological studies provided
an approximate estimate of smectic clusters size. This
technique requires a few microlitres of sample and can be
used for probing the effect of nanoscale heterogeneity due
to short-range order in liquid crystals and in other soft
materials.
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